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Metaphase I Arrest upon Activation of the Mad2-
Dependent Spindle Checkpoint in Mouse Oocytes
(APC/CCdc20) ubiquitinates cyclin B and Securin, a protein
that sequesters a protease named Separase and keeps
it inactive [1, 2]. Once Securin is degraded, Separase is
Katja Wassmann,* The´odora Niault,
and Bernard Maro
Laboratoire de Biologie Cellulaire
du De´veloppement liberated and active to cleave Scc1, a subunit of the
cohesin complex holding the sister chromatids togetherUMR7622, CNRS
Universite´ Pierre et Marie Curie [1]. The tension applied by the bipolar spindle is now
sufficient to tear the sister chromatids apart to the oppo-9 quai Saint Bernard
75005 Paris site poles.
In somatic cells, the spindle checkpoint ensures thatFrance
cell division does not take place before all sister chroma-
tids are aligned at the metaphase plate and properly
attached to the mitotic spindle with their kinetochores.
When this is not the case, the spindle checkpoint willSummary
be activated and cause a cell cycle arrest at the meta-
phase-to-anaphase transition with high levels of cyclinBackground: The importance of mitotic spindle check-
B, high mitotic kinase activity, and condensed chromo-point control has been well established during somatic
somes [3, 4]. On the molecular level, several compo-cell divisions. The metaphase-to-anaphase transition
nents of the spindle checkpoint pathway have beentakes place only when all sister chromatids have been
identified: in higher eukaryotic cells, the proteins Mps1,properly attached to the bipolar spindle and are aligned
Bub1, BubR1, Bub3, Mad1, Mad2, CenP-E, Ipl1, Zw10,at the metaphase plate. Failure of this checkpoint may
and Rod have been shown to be important for mitoticlead to unequal separation of sister chromatids. On the
checkpoint control [4]. At the kinetochore, differentcontrary, the existence of such a checkpoint during the
checkpoint complexes are assembled: Mad1, Mad2,first meiotic division in mammalian oocytes when homol-
BubR1, Bub3, and CenP-E are localized to kinetochoresogous chromosomes are segregated has remained con-
in mitosis independent of Zw10 and Rod [5, 6]. Thetroversial.
localization of Mad2, BubR1, and Bub3 to unattachedResults: Here, we show that mouse oocytes respond
kinetochores is extremely dynamic — the half-life ofto spindle damage by a transient and reversible cell
Mad2 on the unattached kinetochore is 24 s [7, 8]. Uponcycle arrest in metaphase I with high Maturation Promot-
attachment, Mad1, Mad2, and most of Bub1, BubR1,ing Factor (MPF) activity. Furthermore, the mitotic
and Bub3 are displaced from kinetochores under normalcheckpoint protein Mad2 is present throughout meiotic
conditions [4, 9]. Recently, however, it has been shownmaturation and is recruited to unattached kinetochores.
that the spindle checkpoint can be inactivated withOverexpression of Mad2 in meiosis I leads to a cell
Mad1, Mad2, and BubR1 still at kinetochores under cer-cycle arrest in metaphase I. Expression of a dominant-
tain conditions [10, 11].negative Mad2 protein interferes with proper spindle
The spindle checkpoint inhibits ubiquitination ofcheckpoint arrest.
cyclin B and Securin and thereby prevents anaphaseConclusions: Errors in meiosis I cause missegregation
onset. The checkpoint protein Mad2 has been shownof chromosomes and can result in the generation of
to directly interact with and inhibit Cdc20 and the APC/Caneuploid embryos with severe birth defects. In human
[12]. Furthermore, BubR1 and Bub3 were found to inter-oocytes, failures in spindle checkpoint control may be
act with Cdc20; whether they interact in the same com-responsible for the generation of trisomies (e.g., Down
plex as Mad2 or in a complex apart needs to be clarifiedSyndrome) due to chromosome missegregation in meio-
[13–15]. Overexpression of Mad2 leads to a mitoticsis I. Up to now, the mechanisms ensuring correct sepa-
checkpoint arrest in Schizosaccharomyces pombe [16]ration of chromosomes in meiosis I remained unknown.
and mammalian cells [17, 18], and deletion of Mad2Our study shows for the first time that a functional Mad2-
causes missegregation and increased chromosomedependent spindle checkpoint exists during the first
loss [12].meiotic division in mammalian oocytes.
The first division in meiosis differs from mitosis in that
paired homologous chromosomes, and not paired sister
Introduction chromatids, are separated [19]. In the budding yeast
Saccharomyces cerevisiae, the mechanisms underlying
Progression through mitosis is regulated by a multipro- the first meiotic division have been shown to be funda-
tein complex, the Anaphase Promoting Complex/ Cyclo- mentally similar to those in mitosis: there is a meiosis-
some (APC/C) [1]. Upon association with its activators specific cohesin, Rec 8, and the pool of Rec 8 localized
Cdc20 and Cdh1, the APC/C ubiquitinates key regu- to chromosome arms is cleaved by Separase in meiosis
lators of mitosis and thereby targets them for degrada- I [20, 21]. Mammalian cells and Caenorhabditis elegans
tion via the 26S proteasome. At the metaphase-to-ana- also harbor meiosis-specific cohesin variants [19]. In C.
phase transition, the APC/C in association with Cdc20 elegans, the Separase Sep-1 has been shown to be
required for homologous chromosome segregation dur-
ing meiosis I, and mutants harboring a deletion in a*Correspondence: katja.wassmann@snv.jussieu.fr
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subunit of the APC/C arrest in metaphase I [19]. Only, checkpoint due to impaired attachment of microtubules
to the kinetochores (data not shown). Confocal micros-in Xenopus laevis, the situation seems to be different:
two reports show that the APC/C is not required for the copy revealed that oocytes treated with nocodazole at
a final concentration of 400 nM for 3 hr at 6 hr after GVBDmetaphase-to-anaphase transition in meiosis I [22, 23].
On the other hand, expression of a nondegradable cyclin arrest with their chromosomes aligned at the metaphase
plate and a spindle that has migrated to the cortex (Fig-B prevents progression into meiosis II in X. laevis [24].
In mouse oocytes, GFP-tagged cyclin B is degraded at ures 1B2 and 1B3). A small percentage (less then 10%)
undergoes the metaphase-to-anaphase transition (Fig-the metaphase-to-anaphase transition of meiosis I and
cyclin B overexpression inhibits anaphase I onset [25]; ure 1B4), whereas around 95% of untreated control oo-
cytes have their PBs expulsed (Figures 1B1 and 1C).these findings indicate that APC/C-dependent degrada-
tion is required for meiosis I in mammals. To confirm that nocodazole treatment leads to a cell
cycle arrest in metaphase I of the first meiotic division,In this study, we addressed whether the spindle
checkpoint, which targets the APC/C, is functional dur- oocytes were treated with nocodazole as described
above for 3 hr at 6 hr after GVBD and were harvesteding meiosis I in mouse oocytes. In S. cerevisiae, the
spindle checkpoint proteins Mad1 and Mad2 are present for kinase assays. As controls, Histone H1 kinase activity
was scored in oocytes before and after polar bodyduring the first meiotic division and have been shown
to be important for the production of haploid gametes extrusion (PBE) 8.5 hr after GVBD, which corresponds to
time points just before or after the metaphase I-to-ana-with correctly segregated chromosomes [26]. It has not
been addressed whether the spindle checkpoint is func- phase I transition, respectively [28]. Figure 1D shows
that oocytes treated with nocodazole arrest with hightional in meiosis I in mammalian oocytes. We show here
that mouse oocytes can respond to low doses of the Histone H1 kinase activity; therefore, we conclude that
mouse oocytes arrest in metaphase I upon nocodazolespindle inhibitor nocodazole with a transient arrest in
metaphase I. This arrest is reversible. Furthermore, treatment.
Somatic cells transiently arrest in metaphase of mito-Mad2 is present at kinetochores during early prometa-
phase I, and its overexpression leads to a metaphase I sis upon spindle damage. They eventually escape, often
undergo an abnormal mitotic division, and apoptosis inarrest. Expression of a dominant-negative Mad2 inter-
feres with the proper checkpoint response to low doses G1 [12]. We asked whether mouse oocytes also arrest
only transiently upon spindle damage and eventuallyof nocodazole, and this interference further demon-
strates the importance of Mad2 for the spindle check- undergo the first meiotic division. Therefore, using live
video microscopy, we examined the response to noco-point in meiosis I in mouse oocytes.
dazole shortly after its addition. Figure 2A shows images
that were taken every 90 min after nocodazole addition
Results at 5.5 hr after GVBD. Whereas control oocytes expulse
their PBs between 8.5 and 10 hr after GVBD, less than
Nocodazole Treatment Leads to a Metaphase I 10% PBE can be observed in oocytes treated with noco-
Arrest in Mouse Oocytes dazole until 13 hr after GVBD, when the first PBs are
In a first approach, we addressed whether a functional extruded (Figure 2A). After 12–16 hr of nocodazole treat-
spindle checkpoint exists in mammalian oocytes. Oo- ment, around 40% of the oocytes expulsed a PB and
cytes were harvested at the germinal vesicle (GV) stage progressed into metaphase II (Figures 2B3 and 2C). A
and were released into medium permitting maturation total of 50% of oocytes in metaphase I have misaligned
in vitro. Under normal conditions, oocytes proceed from chromosomes that are stretched out and elongated (Fig-
GV (entry into meiosis I) through meiosis I, start meiosis ures 2B5 and 2C, lower panel). Those that proceed into
II, and arrest in metaphase II of the second meiotic metaphase II expulse their PBs (Figure 2B3). Again, ap-
division until fertilization occurs due to an activity called proximately half of those missegregate their chromo-
cytostatic factor (CSF) [27]. The time frame of the differ- somes and are found arrested in abnormal metaphase
ent stages of meiotic maturation in the mouse strain II (Figure 2B8, 2B9, and 2C, lower panel). From these
used is illustrated in Figure 1A [28]. Oocytes 5–6 hr after results, we conclude that upon prolonged exposure to
GVBD (germinal vesicle breakdown, corresponds to nu- nocodazole, only around 25% of the oocytes properly
clear envelope breakdown in mitosis) are in prometa- arrest in meiosis I with their chromosomes aligned at
phase and have a bipolar spindle. In late prometaphase, the metaphase plate. Thus, metaphase I arrest upon
the spindle migrates to the cortex, and 8–9 hr after treatment with a spindle inhibitor is only transient.
GVBD, the formation of a polar body (PB) can be ob-
served, indicating cytokinesis of the first meiotic di-
vision. The Nocodazole-Induced Metaphase I Arrest
Is ReversibleThe spindle inhibitor nocodazole was added 5–6 hr
after GVBD to examine the effects of spindle depolymer- The mitotic spindle checkpoint maintains a cell cycle
arrest as long as sister chromatids are not properlyization on the metaphase-to-anaphase transition of mei-
osis I (and not formation of the bipolar spindle, which attached to the bipolar spindle, except after prolonged
activation of the checkpoint [12]. Once the last kineto-takes place around 1–4 hr after GVBD [29]). First, oo-
cytes were treated with different concentrations of no- chore is attached, the metaphase-to-anaphase transi-
tion will take place in somatic cells. A functional spindlecodazole to determine the lowest concentration still
causing a cell cycle arrest but permitting formation of checkpoint in meiosis I is expected to respond to the
absence of spindle damage in the same way as in mito-a bipolar spindle that presumably activates the spindle
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sis; therefore, we asked whether mouse oocytes can chores. Double staining with the kinesin-like protein
CENP-E as a marker for kinetochores was performedbe released from a nocodazole-induced metaphase I
arrest. Oocytes treated with nocodazole for 2.5 hr 6 hr [32]. Figure 4B shows that Mad2 colocalizes with CENP-E
at kinetochores 4 hr after GVBD. Hence, Mad2 is local-after GVBD were released into fresh medium without
nocodazole for 1.5 hr and were harvested for confocal ized to unattached kinetochores in early prometaphase
of meiosis I.microscopy and in vitro kinase assays. Confocal micros-
copy revealed that oocytes released from a nocodazole- To address whether Mad2 is involved in checkpoint
response upon nocodazole treatment, oocytes wereinduced metaphase I arrest enter anaphase I within 1.5
hr (Figure 3A). Mitotic kinase activity drops, indicating treated with 4 M noodazole 6 hr after GVBD for 1.5
hr and were fixed for confocal microscopy. Figure 4Cthat those oocytes underwent the metaphase-to-ana-
phase transition of the first meiotic division (Figure 3B). reveals strong Mad2 staining on condensed chromo-
somes after nocodazole treatment. This indicates thatCompared to the control, the same percentage of oo-
cytes released from the nocodazole block expulsed their oocytes actively respond to spindle damage through
recruitment of at least one essential component of thePBs (data not shown). Therefore, we conclude that a
nocodazole-induced checkpoint arrest in metaphase I of spindle checkpoint to the chromosomes.
the first meiotic division is reversible in mouse oocytes.
Overexpression of Mad2 Leads
to a Metaphase I ArrestEndogenous Mad2 Is Localized to Chromosomes
Early in Meiosis I and upon Activation Overexpression of Mad2 has been shown to activate
the mitotic checkpoint and to cause a metaphase arrestof the Spindle Checkpoint
Mad2 is a protein essential for mitotic spindle check- in somatic cells in a dose-dependent way [16–18]. To
address whether Mad2 causes a metaphase I arrest inpoint arrest and is found localized to unattached kineto-
chores. It interacts directly with and inhibits the APC/C mammalian oocytes as well, an N-terminal, Flag-tagged
human Mad2 construct (the human Mad2 protein se-in mitosis upon activation of the spindle checkpoint [4,
9, 12]. It has been shown that Mad2 is present in meta- quence is 95% identical to mouse Mad2 [33]) that has
been characterized previously [17] was transcribed intophase II oocytes [30]. To address the role of endogenous
Mad2 during meiosis I in mouse oocytes, we wanted to mRNA and injected into mouse oocytes at the GV stage.
Oocytes were matured in vitro and harvested 12 hr afterknow where Mad2 is localized during the different stages
of the first meiotic division in mouse oocytes (Figure 4). GVBD, during which time control oocytes progressed
into meiosis II. Expression of Flag-Mad2 was verified byWestern blots in Figure S1A (see the Supplemental Data
available with this article online) show that the anti-Mad2 Western blot with anti-Mad2 antibody (Figure 5B). The
majority of injected oocytes was arrested with con-antibody generated and characterized previously [31]
detects a protein of the same molecular weight as Mad2 densed chromosomes aligned at the metaphase plate,
and without PBs (Figure 5A3). Less than 10% showedin mouse oocytes (Figure S1A, upper panel). No signal
with a preimmune serum from the same rabbit was ob- abnormal metaphase I figures (Figure 5A2). Around 30%,
however, escaped the arrest and were found in a meta-served (data not shown), and no other protein was de-
tected by Western blot (Figure S1A, lower panel). Fur- phase II-like state with misaligned chromosomes (Fig-
ures 5A4, 5A5, and 5C). To further characterize the meta-thermore, this antibody recognizes Flag- tagged Mad2
overexpressed in mouse oocytes (Figure 5B); therefore, phase I arrest, MPF activity in Mad2-overexpressing
oocytes was examined. Oocytes were injected withwe assume that the antibody specifically recognizes
Mad2 in mouse oocytes as well. Neither the preimmune Flag-Mad2 encoding mRNA, and those arrested were
harvested 12 hr after GVBD for kinase assays. MPFserum nor the antibody blocked with purified Mad2 pro-
duced in E. coli show a specific signal in immunofluores- kinase activity in Mad2-injected oocytes is as high as
has been observed before in nocodazole-treated oo-cence studies (Figure S1B). Mad2 is localized around
chromosomes after GVBD and on chromosomes 3–4 hr cytes (Figure 5D). Thus, we conclude that overexpres-
sion of Mad2 causes a metaphase I arrest.after GVBD (Figure 4A). As oocytes progress through
meiosis I, Mad2 disappears progressively from chromo- GFP-Mad2 was used to examine the localization of
exogenously expressed Mad2. Like the Flag-Mad2 con-somes, and no Mad2 can be detected on chromosomes
around PBE (Figure 4A). struct, GFP-Mad2 causes a metaphase I arrest (Figure
5C). Figure 5E shows that GFP-Mad2 is predominantlyNext, we wanted to analyze if Mad2 localizes to kineto-
Figure 1. Nocodazole Treatment Induces a Metaphase I Arrest in Mouse Oocytes
(A) A scheme representing the different stages and timing of meiotic maturation in OF1 mouse oocytes. Germinal vesicle (GV), germinal vesicle
breakdown (GVBD), and cytostatic factor (CSF) arrest are indicated. MPF, Maturation Promoting Factor; MII, Metaphase II of the second
meiotic division. Chromosomes are shown in red, the spindle is shown in green, and MPF activity is shown in yellow.
(B) A total of 6 hr after GVBD, oocytes were treated with 400 nM nocodazole (noc) for 3 hr. Spindles are visualized with an FITC-conjugated
antibody (green), and chromosomes are visualized with propidium iodide (red). The scale bar represents 10 M. Oocytes were analyzed by
standard confocal microscopy. The experiment was repeated six times with 30–50 oocytes each time.
(C) The percentage of polar body extrusion (PBE) after 3 hr of nocodazole treatment at GVBD  6 hr. A total of 200 oocytes each were counted
in 3 different experiments.
(D) Total Histone H1 kinase activity in oocytes before () and after () PBE and after 3 hr of nocodazole treatment at GVBD  6 hr. The
experiment was repeated four times with ten oocytes for each reaction.
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Figure 3. The Metaphase I Arrest after Nocodazole Treatment Is Reversible
(A) Oocytes were treated with 400 nM nocodazole at GVBD  6 hr for 2.5 hr and were released into medium without nocodazole for 1.5 hr
(also see the scheme on the right). Shown are confocal microscopy images as described in Figure 1. (1) Oocytes treated for 2.5 hr with
nocodazole; (2 and 3) oocytes released into medium without nocodazole. The scale bar represents 10 M. A total of 60 oocytes have been
analyzed in 3 independent experiments.
(B) Histone H1 kinase assays. (1, 2) Oocytes without nocodazole treatment before () and after () PBE. (3) Oocytes treated for 2.5 hr with
nocodazole, (4) oocytes treated for 4 hr with nocodazole, noc release: oocytes treated for 2.5 hr with nocodazole and released for 1.5 hr into
medium without nocodazole. Kinase assays have been repeated 3 times, using either 10 or 20 oocytes for each kinase reaction.
localized to the meiotic spindle and to the part of the these interactions. A Mad2 mutant protein carrying three
serine to aspartic acid substitutions of the in vivo-phos-paired chromosomes attached to the spindle (Figures
5E1, 5E3, and 5E4). This staining pattern corresponds phorylated residues (to mimic the phosphorylated pro-
tein) works as a dominant-negative protein in somaticto what has been observed in somatic cells with GFP-
tagged Mad2 in prometaphase [7]. In nocodazole- cells and inhibits proper checkpoint response by in-
terfering with the loading of endogenous Mad2 onto thetreated oocytes, GFP-Mad2 is recruited to chromo-
somes (Figure 5F). Once GFP-Mad2-injected oocytes APC/C [17]. We decided to use this mutant to address
whether Mad2 is required for spindle checkpoint re-escape the metaphase I arrest and undergo the first
meiotic division, GFP-Mad2 disappears from the spindle sponse after nocodazole treatment in meiosis I. First,
low concentrations of wild-type Flag-Mad2 were in-and the chromosomes (Figure 5E2).
jected into immature oocytes to test which concentra-
tion of Mad2 still allows the metaphase-to-anaphaseDominant-Negative Mad2 Inhibits Proper
Checkpoint Response transition at 8–9 hr after GVBD. Then, mRNA encoding
the Flag-tagged, dominant-negative Mad2 (dn Flag-Recently, we have shown that Mad2 is regulated by
phosphorylation during mitosis [17]. Unphosphorylated Mad2) was injected into immature oocytes at the GV
stage at the same concentration. Oocytes were inducedMad2 is able to interact with its partners Mad1 and
the APC/C, whereas phosphorylation of Mad2 disrupts to undergo meiotic maturation, and 5–6 hr after GVBD,
Figure 2. After Prolonged Nocodazole Treatment, Mouse Oocytes Escape the Metaphase I Arrest
(A) Live video microscopy of oocytes treated with nocodazole 5 hr after GVBD (GVBD  5 hr). Shown are images taken every 90 min starting
at GVBD  5.30 hr. Polar bodies (PBs) are indicated with an arrow. At 3 different times, 12 oocytes were analyzed.
(B) Confocal microscopy as described in Figure 1. Oocytes were treated with 400 nM nocodazole for 12–16 hr at GVBD  6 hr. (1) Control
without nocodazole treatment in metaphase II. (4 and 6) Magnifications of (2). (6 and 7) Only chromosomes of (4) and (5) are shown. The scale
bar represents 10 M. Around 200 oocytes have been analyzed in 5 independent experiments.
(C) Quantitation of oocytes that extrude their polar bodies (PBE) upon treatment with 400 nM nocodazole (upper panel) and of oocytes that
show severe misalignment of chromosomes (lower panel) after nocodazole treatment. MI, metaphase I; MII, metaphase II. A total of 250
oocytes were analyzed in 5 independent experiments.
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nocodazole at a low dose (400 nM) was added for an- with age [36]. The high error rate may argue against a
functional spindle checkpoint in meiosis I, but on theother 5–6 hr (Figure 6A). Live video microscopy (Figure
other hand, it has been shown that the cohesin complex6B) and microscopic examination (Figures 6C and 6D)
holding the chromatid pairs together severely weakensrevealed that more than 50% of dn Flag-Mad2-injected
with age and may be the main reason for the elevatedoocytes form cortical extrusions, which they retract.
error rate in meiosis I divisions [37]. Another argumentFlag-Mad2-injected and noninjected oocytes showed
against the existence of a proper spindle checkpoint inimportant cortical movements at a much lower (around
mammalian oocytes originates from work with XO mice:28%) frequency (Figures 6C and 6D3). Furthermore, dn
these mice harbor one univalent X chromosome and doFlag-Mad2-expressing oocytes with two or more small
not delay anaphase onset even though one unpaired XPBs were observed (Figure 6D1). Visualization of DNA
chromosome is attached to both poles [38–40]. Alterna-with Hoechst indicates that chromosomes have been
tively, a functional spindle checkpoint may not detect anseparated in dn Flag-Mad2-expressing oocytes. Control
attachment error in this case because the kinetochoresoocytes, even if some cortical movements are visible,
present are after all occupied by microtubules. There-usually show just one chromosome mass or undergo
fore, an attachment-sensitive checkpoint may not inhibitthe metaphase-to-anaphase transition to form a proper
the metaphase-to-anaphase transition when two kineto-PB after initial strong cortical movements (Figures 1B
chores are attached to the opposite poles, as can beand 2A).
the case in XO mice.Whereas the majority of control oocytes and Flag-Mad2-
Up to now, only the budding yeast S. cerevisiae hasinjected oocytes arrest upon the addition of nocodazole
been shown to harbor a functional spindle checkpointin metaphase I (Figures 6E1, 6E2, and 6F), dominant-
in meiosis I [26]. In maize, the checkpoint protein Mad2negative, Flag-Mad2-expressing oocytes show abnor-
is present during meiosis I and is localized to unattachedmal metaphases in more than 85% of the oocytes exam-
kinetochores [41]. During spermatogenesis, Mad2 is lo-ined by confocal microscopy (Figures 6E3, 6E4, and 6F).
calized to most kinetochores throughout meiosis I inOocytes with two masses of chromosomes without PBE
mouse, independent of kinetochore attachment [30]. Inwere observed (Figure 6E3). In addition, MPF activity
mouse oocytes, it has been shown that complete de-drops in dn Flag-Mad2-expressing oocytes and thus
polymerization of the metaphase I spindle with nocoda-indicates that the spindle checkpoint is not functional
zole inhibits anaphase onset upon removal of the drugin maintaining a metaphase arrest. Without nocodazole
until proper kinetochore-microtubule end interactionstreatment, expression of dn Flag-Mad2 alone had no
are set up [29]. On the other hand, in X. laevis oocytes,effect on the metaphase-to-anaphase transition under
overexpression of Mad2, which leads to activation ofthese conditions. We conclude that a dominant-nega-
the spindle checkpoint in meiosis II, has no effect intive Mad2 interferes with the proper spindle checkpoint
meiosis I [22].response in meiosis I and clearly shows that Mad2 is
Our study shows that the spindle checkpoint is pres-essential for the metaphase I arrest upon nocodazole
ent and functional during the first meiotic division intreatment.
mouse oocytes. We show here that the spindle check-
point leads to a transient arrest only, and under pro-
Discussion longed exposure to the spindle inhibitor, an escape from
the arrest can be observed. By using low concentrations
In meiosis I, chromosome pairs with two kinetochores, of nocodazole, which preserve the spindle sufficiently
each of which is oriented toward the same pole, and well to allow anaphase onset upon longer exposure,
not pairs of sister chromatids with two kinetochores we score for a checkpoint response due to errors in
facing the opposite poles, are separated. Unequal sepa- attachment or missing tension. High concentrations of
ration of chromosome pairs in meiosis I can lead to nocodazole that completely depolymerize the spindle
severe birth defects or spontaneous abortion of the em- lead to a cell cycle arrest because a metaphase-to-
bryo [34, 35]. Therefore, the question of whether a proper anaphase transition is not possible without a functional
checkpoint exists in mammalian oocytes has an impor- spindle, and therefore this may not reflect a proper spin-
tant impact on medical issues that are due to missegre- dle checkpoint response. Low concentrations of noco-
gation events in meiosis I in human oocytes (e.g., certain dazole on the other hand lead only to a delay in anaphase
trisomies, such as Down Syndrome). Human oocytes are onset, and this transient arrest we observe is reversible.
prone to missegregate their chromosmomes in meiosis I Once nocodazole is removed, nearly all oocytes will
undergo the metaphase-to-anaphase transition. Aber-at a high rate, but this error rate is strongly correlated
Figure 4. Localization of Endogenous Mad2 during Meiosis I
(A) Immunolocalization of Mad2 with anti-Mad2 antiserum, followed by a secondary, FITC-coupled antibody. Chromosomes are visualized
with propidium iodide (red); the Mad2 signal appears in green. The same settings for acquisitions with the confocal microscope were used
in a given experiment. Around 30 oocytes were analyzed for each time point indicated in at least 3 independent experiments. The scale bar
represents 10 M.
(B) Colocalization of Mad2 with CENP-E, 4 hr after GVBD. Mad2, green; CENP-E, red; chromosomes, blue. Oocytes were first immunostained
with Mad2 antibody, followed by immunostaining with CENP-E were indicated. Around 25 oocytes (10 oocytes for the control without CENP-E)
have been analyzed in 2 different experiments.
(C) Immunolocalization of Mad2 in oocytes treated with 4 M nocodazole for 1.5 hr where indicated. The scale bar represents 10 M. Around
40 oocytes were analyzed in 3 different experiments.
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rant metaphase I and II figures can be observed upon Mad2-expressing oocytes are not able to generate a
proper “wait anaphase” signal and try to undergo ana-prolonged exposure to nocodazole; this finding indi-
cates that the checkpoint is either turned off or overrid- phase without proper attachment to the spindle. From
our results, we conclude that the spindle checkpoint isden by a stronger signal for anaphase onset. This does
not come as a surprise, as it has been shown that so- present in meiosis I and depends on Mad2, as has been
shown in mitosis.matic cells also eventually escape the spindle check-
point arrest and proceed into G1 to undergo apoptosis The APC/C is the only known target of the spindle
checkpoint; therefore, our results open up the exciting[12]. It remains to be seen whether oocytes that escape
the checkpoint with misaligned chromosomes are viable possibility that the activity of the APC/C is required for
the metaphase-to-anaphase transition in meiosis I inand can be fertilized.
In somatic cells, an unattached kinetochore will pre- mammalian oocytes. Indeed, we have recently shown
that Separase activity triggers the metaphase-to-ana-vent anaphase onset by generating a “wait anaphase”
signal [42, 43] through recruitment of Mad2 to the kineto- phase transition in meiosis I in mouse oocytes, and that
overexpression of its antagonist Securin (a target ofchore and its subsequent loading onto APC/CCdc20 [12].
Here, we show that Mad2 is present during meiotic mat- the APC/C in mitosis) inhibits anaphase I onset [44]. It
remains to be addressed whether the regulation of Mad2uration and is localized to unattached kinetochores. As
a proper bipolar spindle is formed, Mad2 staining at itself and inhibition of the APC/C work the same way in
meiosis I as has been shown in mitosis.kinetochores diminishes and disappears before ana-
phase onset. Exogenously expressed, GFP-tagged Mad2
has been shown to localize to kinetochores in prophase Conclusions
and early prometaphase and to the mitotic spindle in Our study demonstrates for the first time the existence
late prometaphase in Ptk1 cells [7]. Mad2 fluorescently of a functional spindle checkpoint in meiosis I in mouse
labeled with Alexa 488 shows the same staining pattern oocytes. This is contrary to the situation in X. laevis,
and moves from attached kinetochores via the spindle where neither the APC/C nor the spindle checkpoint
to the spindle poles as shown by time lapse [7]. We seems to be required for progression through meiosis
show here that GFP-Mad2 is strongly localized to the I. We show here that Mad2, a component of the spindle
meiotic spindle, reminiscent of what has been shown in checkpoint in mitosis, also plays an important role dur-
somatic cells. No endogenous Mad2 staining can be ing meiosis I in mammalian oocytes by ensuring the
detected at kinetochores after PBE, but Mad2 relocal- correct separation of homologous chromosomes during
izes to chromosomes upon nocodazole treatment in the first meiotic division. Failures in spindle checkpoint
metaphase I. Therefore, Mad2 is not only present in control and errors in meiosis I may lead to the missegre-
mouse oocytes, but it is also sensitive to spindle dam- gation of chromosomes and may result in the generation
age, as has been shown in somatic cells. of aneuploid embryos with severe birth defects when
The spindle checkpoint can be activated by overex- they survive. Therefore, knowing the mechanisms ensur-
pression of Mad2 in somatic cells [16–18]. Exogenously ing correct separation of chromosomes in meiosis I is
expressed Mad2 interacts with APC/CCdc20 and Mad1 of crucial importance.
and inhibits cell cycle progression in 293T tissue culture
cells in a dose-dependent manner [12]. Upon overex- Supplemental Data
Supplemental Data including the Experimental Procedures and thepression of Flag-Mad2 or GFP-Mad2, mouse oocytes
characterization of the anti-Mad2 antibody used in this study isarrest in metaphase I as well, in contrary to what has
available at http://www.current-biology.com/cgi/content/full/13/18/been observed in X. laevis oocytes [22].
1596/DC1/.Expression of a dominant-negative Mad2 disturbs
checkpoint arrest, similar to what has been observed in
Acknowledgments
mitosis [17]. Cortical extrusions, abnormal metaphase I
figures, and a drop in MPF activity are observed in the K.W. is greatful to G. Pahlavan, M.E. Terret, and M.H. Verlhac for
technical advice, materials, and stimulating discussions and to R.presence of nocodazole. Thus, dominant-negative,
Figure 5. Overexpression of Mad2 Leads to a Metaphase I Arrest
(A) Flag-Mad2 encoding mRNA was injected into oocytes at the GV stage. Meiotic maturation was induced, and oocytes were harvested 12
hr after GVBD. Spindles and DNA were visualized as described in Figure 1. (1) Control; (2–5) Flag-Mad2-expressing oocytes. The scale bar
represents 10 M. The number of oocytes analyzed is indicated in (C).
(B) Mad2 Western blot to visualize both endogenous Mad2 and Flag-Mad2. A total of 20 oocytes of (1) control and (2) Flag-Mad2-injected
oocytes 12 hr after GVBD were loaded. The Western blot was repeated once.
(C) Percentage of PBE in Flag-Mad2- and GFP-Mad2-injected oocytes. The number of injected oocytes is indicated.
(D) Histone H1 kinase activity in Flag-Mad2-injected oocytes. Ten oocytes were used for each reaction; the kinase assay was repeated four
times.
(E) Localization of GFP-Mad2. GFP-Mad2 was injected at the GV stage. A total of 12 hr later, oocytes were fixed and chromosomes were
stained with propidium iodide. GFP-Mad2 is localized to the spindle and the chromosomes in metaphase-arrested oocytes (1, 3, and 4), but
only at residual amounts in oocytes, which underwent the metaphase I-to-anaphase I transition (2). Acquisitions were done with the same
settings. The lower panels show magnifications of (3) and (4). The scale bar represents 10 M. The number of oocytes analyzed is indicated
in (C).
(F) Localization of GFP-Mad2 in oocytes treated with 4 M nocodazole for 12 hr. A total of 30 oocytes were analyzed in 3 independent
experiments. The scale bar represents 10 M.
Current Biology
1606
The Spindle Checkpoint in Female Mouse Meiosis I
1607
Schwartzmann for help with confocal and video microscopy. We and Piatti, S. (2001). Bub3 interaction with Mad2, Mad3 and
Cdc20 is mediated by WD40 repeats and does not require intactthank D. Cleveland for the gift of the CENP-E antibody. B.M. was
supported by a grant from ARC (Association pour la Recherche kinetochores. EMBO J. 20, 6648–6659.
15. Fang, G., Yu, H., and Kirschner, M.W. (1998). The checkpointcontre le Cancer), and K.W. was supported by a postdoctoral fellow-
ship by ARC and a European Community Marie Curie Fellowship protein MAD2 and the mitotic regulator CDC20 form a ternary
complex with the anaphase-promoting complex to control ana-(HPMF-CT-2000-00880).
phase initiation. Genes Dev. 12, 1871–1883.
16. He, X., Patterson, T.E., and Sazer, S. (1997). The Schizosaccharo-Received: April 15, 2003
Revised: August 1, 2003 myces pombe spindle checkpoint protein mad2p blocks ana-
phase and genetically interacts with the anaphase-promotingAccepted: August 14, 2003
Published: September 16, 2003 complex. Proc. Natl. Acad. Sci. USA 94, 7965–7970.
17. Wassmann, K., Liberal, V., and Benezra, R. (2003). Mad2 phos-
phorylation regulates its association with Mad1 and the APC/C.References
EMBO J. 22, 797–806.
1. Peters, J.M. (2002). The anaphase-promoting complex: proteo- 18. Sironi, L., Melixetian, M., Faretta, M., Prosperini, E., Helin, K.,
lysis in mitosis and beyond. Mol. Cell 9, 931–943. and Musacchio, A. (2001). Mad2 binding to Mad1 and Cdc20,
2. Nasmyth, K. (2002). Segregating sister genomes: the molecular rather than oligomerization, is required for the spindle check-
biology of chromosome separation. Science 297, 559–565. point. EMBO J. 20, 6371–6382.
3. Gorbsky, G.J. (2001). The mitotic spindle checkpoint. Curr. Biol. 19. Petronczki, M., Siomos, M.F., and Nasmyth, K. (2003). Un me-
11, R1001–R1004. nage a quatre: the molecular biology of chromosome segrega-
4. Musacchio, A., and Hardwick, K.G. (2002). The spindle check- tion in meiosis. Cell 112, 423–440.
point: structural insights into dynamic signalling. Nat. Rev. Mol. 20. Klein, F., Mahr, P., Galova, M., Buonomo, S.B., Michaelis, C.,
Cell Biol. 3, 731–741. Nairz, K., and Nasmyth, K. (1999). A central role for cohesins
5. Basu, J., Logarinho, E., Herrmann, S., Bousbaa, H., Li, Z., Chan, in sister chromatid cohesion, formation of axial elements, and
G.K., Yen, T.J., Sunkel, C.E., and Goldberg, M.L. (1998). Local- recombination during yeast meiosis. Cell 98, 91–103.
ization of the Drosophila checkpoint control protein Bub3 to the 21. Buonomo, S.B., Clyne, R.K., Fuchs, J., Loidl, J., Uhlmann, F., and
kinetochore requires Bub1 but not Zw10 or Rod. Chromosoma Nasmyth, K. (2000). Disjunction of homologous chromosomes in
107, 376–385. meiosis I depends on proteolytic cleavage of the meiotic
6. Basu, J., Bousbaa, H., Logarinho, E., Li, Z., Williams, B.C., cohesin Rec8 by separin. Cell 103, 387–398.
Lopes, C., Sunkel, C.E., and Goldberg, M.L. (1999). Mutations in 22. Peter, M., Castro, A., Lorca, T., Le Peuch, C., Magnaghi-Jaulin,
the essential spindle checkpoint gene bub1 cause chromosome L., Doree, M., and Labbe, J.C. (2001). The APC is dispensable
missegregation and fail to block apoptosis in Drosophila. J. Cell for first meiotic anaphase in Xenopus oocytes. Nat. Cell Biol.
Biol. 146, 13–28. 3, 83–87.
7. Howell, B.J., Hoffman, D.B., Fang, G., Murray, A.W., and Salmon, 23. Taieb, F.E., Gross, S.D., Lewellyn, A.L., and Maller, J.L. (2001).
E.D. (2000). Visualization of Mad2 dynamics at kinetochores, Activation of the anaphase-promoting complex and degrada-
along spindle fibers, and at spindle poles in living cells. J. Cell tion of cyclin B is not required for progression from Meiosis I
Biol. 150, 1233–1250. to II in Xenopus oocytes. Curr. Biol. 11, 508–513.
8. Howell, B.J., McEwen, B.F., Canman, J.C., Hoffman, D.B., Far- 24. Huchon, D., Rime, H., Jessus, C., and Ozon, R. (1993). Control
rar, E.M., Rieder, C.L., and Salmon, E.D. (2001). Cytoplasmic of metaphase I formation in Xenopus oocyte: effects of an inde-
dynein/dynactin drives kinetochore protein transport to the structible cyclin B and of protein synthesis. Biol. Cell. 77,
spindle poles and has a role in mitotic spindle checkpoint inacti- 133–141.
vation. J. Cell Biol. 155, 1159–1172. 25. Ledan, E., Polanski, Z., Terret, M.E., and Maro, B. (2001). Meiotic
9. Yu, H. (2002). Regulation of APC-Cdc20 by the spindle check- maturation of the mouse oocyte requires an equilibrium be-
point. Curr. Opin. Cell Biol. 14, 706–714. tween cyclin B synthesis and degradation. Dev. Biol. 232,
10. Canman, J.C., Sharma, N., Straight, A., Shannon, K.B., Fang, 400–413.
G., and Salmon, E.D. (2002). Anaphase onset does not require 26. Shonn, M.A., McCarroll, R., and Murray, A.W. (2000). Require-
the microtubule-dependent depletion of kinetochore and cen- ment of the spindle checkpoint for proper chromosome segre-
tromere-binding proteins. J. Cell Sci. 115, 3787–3795. gation in budding yeast meiosis. Science 289, 300–303.
11. Martin-Lluesma, S., Stucke, V.M., and Nigg, E.A. (2002). Role 27. Masui, Y. (2000). The elusive cytostatic factor in the animal egg.
of Hec1 in spindle checkpoint signaling and kinetochore recruit- Nat. Rev. Mol. Cell Biol. 1, 228–232.
ment of Mad1/Mad2. Science 297, 2267–2270. 28. Polanski, Z., Ledan, E., Brunet, S., Louvet, S., Verlhac, M.H.,
12. Wassmann, K., and Benezra, R. (2001). Mitotic checkpoints: Kubiak, J.Z., and Maro, B. (1998). Cyclin synthesis controls the
from yeast to cancer. Curr. Opin. Genet. Dev. 11, 83–90. progression of meiotic maturation in mouse oocytes. Develop-
13. Sudakin, V., Chan, G.K., and Yen, T.J. (2001). Checkpoint inhibi- ment 125, 4989–4997.
tion of the APC/C in HeLa cells is mediated by a complex of 29. Brunet, S., Maria, A.S., Guillaud, P., Dujardin, D., Kubiak, J.Z.,
BUBR1, BUB3, CDC20, and MAD2. J. Cell Biol. 154, 925–936. and Maro, B. (1999). Kinetochore fibers are not involved in the
formation of the first meiotic spindle in mouse oocytes, but14. Fraschini, R., Beretta, A., Sironi, L., Musacchio, A., Lucchini, G.,
Figure 6. Expression of Dominant-Negative Mad2 Interferes with Metaphase I Arrest
(A) Flag-Mad2 or dominant-negative (dn) Flag-Mad2 was expressed at levels sufficiently low to permit the metaphase I-to-anaphase I transition in
Flag-Mad2-expressing cells without nocodazole treatment. A total of 5–6 hr after GVBD, 400 nM nocodazole was added for another 5–6 hr.
(B) Live video analysis of injected oocytes. Hours after GVBD are indicated. The arrow points to a typical cortical movement observed in dn
Flag-Mad2-injected oocytes after nocodazole treatment. Three films for each construct were analyzed. The scale bar represents 10 M.
(C) Percentage of the important cortical movements (as shown in [D]) observed. The number of oocytes analyzed is indicated.
(D) Images of oocytes injected with the indicated constructs. Chromosomes are visualized with Hoechst.
(E) Oocytes were analyzed by confocal microscopy as described above. Chromosomes were visualized with propidium iodide in all images.
The scale bar represents 10 M.
(F) Quantitation of abnormal metaphase I figures in oocytes expressing dn Flag-Mad2 () compared to the control (). The number of oocytes
examined is indicated.
(G) Histone H1 kinase assays. Oocytes have been injected with the indicated constructs. Nocodazole has been added at 5 hr after GVBD for
5 hr. Five oocytes each have been analyzed in five independent experiments.
Current Biology
1608
control the exit from the first meiotic M phase. J. Cell Biol. 146,
1–12.
30. Kallio, M., Eriksson, J.E., and Gorbsky, G.J. (2000). Differences
in spindle association of the mitotic checkpoint protein Mad2
in mammalian spermatogenesis and oogenesis. Dev. Biol. 225,
112–123.
31. Li, Y., and Benezra, R. (1996). Identification of a human mitotic
checkpoint gene: hsMAD2. Science 274, 246–248.
32. Yen, T.J., Compton, D.A., Wise, D., Zinkowski, R.P., Brinkley,
B.R., Earnshaw, W.C., and Cleveland, D.W. (1991). CENP-E, a
novel human centromere-associated protein required for pro-
gression from metaphase to anaphase. EMBO J. 10, 1245–1254.
33. Dobles, M., Liberal, V., Scott, M.L., Benezra, R., and Sorger,
P.K. (2000). Chromosome missegregation and apoptosis in mice
lacking the mitotic checkpoint protein Mad2. Cell 101, 635–645.
34. Hassold, T., and Hunt, P. (2001). To err (meiotically) is human:
the genesis of human aneuploidy. Nat. Rev. Genet. 2, 280–291.
35. Hassold, T., Sherman, S., and Hunt, P.A. (1995). The origin of
trisomy in humans. Prog. Clin. Biol. Res. 393, 1–12.
36. Angell, R.R. (1994). Aneuploidy in older women. Higher rates
of aneuploidy in oocytes from older women. Hum. Reprod. 9,
1199–1200.
37. Wolstenholme, J., and Angell, R.R. (2000). Maternal age and
trisomy–a unifying mechanism of formation. Chromosoma 109,
435–438.
38. LeMaire-Adkins, R., Radke, K., and Hunt, P.A. (1997). Lack of
checkpoint control at the metaphase/anaphase transition: a
mechanism of meiotic nondisjunction in mammalian females.
J. Cell Biol. 139, 1611–1619.
39. LeMaire-Adkins, R., and Hunt, P.A. (2000). Nonrandom segrega-
tion of the mouse univalent X chromosome: evidence of spindle-
mediated meiotic drive. Genetics 156, 775–783.
40. Hunt, P.A., and LeMaire-Adkins, R. (1998). Genetic control of
mammalian female meiosis. Curr. Top. Dev. Biol. 37, 359–381.
41. Yu, H.G., Muszynski, M.G., and Kelly Dawe, R. (1999). The maize
homologue of the cell cycle checkpoint protein MAD2 reveals
kinetochore substructure and contrasting mitotic and meiotic
localization patterns. J. Cell Biol. 145, 425–435.
42. Rieder, C.L., Cole, R.W., Khodjakov, A., and Sluder, G. (1995).
The checkpoint delaying anaphase in response to chromosome
monoorientation is mediated by an inhibitory signal produced
by unattached kinetochores. J. Cell Biol. 130, 941–948.
43. Shah, J.V., and Cleveland, D.W. (2000). Waiting for anaphase:
Mad2 and the spindle assembly checkpoint. Cell 103, 997–1000.
44. Terret, M.E., Wassmann, K., Waizenegger, I., Maro, B., Peters,
J.-M., and Verlhac, M.-H. (2003). The meiosis I to meiosis II
transition in mouse oocytes requires separase activity. Curr.
Biol. 13, in press.
